In order to optimize the operating conditions for a combined polyaluminum chloride (PACl) coagulation/flocculation and ultrafiltration process for treating potable water, the main, second order and interaction effects of PACl dose and flocculation retention time (FRT) on permeate turbidity, UV 254 and membrane permeability were investigated using a 100 kDa hollow fiber membrane operated in the dead-end mode. A multilevel factorial design was used to determine the relevant ranges of the two factors for optimization. A 2 2 central composite design (CCD) was then used to develop mathematical correlation models for the optimum operating conditions. The main effect of PACl dose was the most significant factor on all the responses. For permeability, both the main effect of FRT and FRT-PACl dose interactions were found to be insignificant. The optimum PACl dose and FRT for the feed water were 20 mg/L and 14 min, respectively. Corresponding permeate turbidity, UV 254 and permeability were 0.15 ± 0.01 NTU, 0.003 ± 0.001 cm À1 and 62.0 ± 9.52 Lm À2 h À1 bar À1 , respectively. Experimental validation runs confirmed the reliability of the predicted optimal conditions thus implying that CCD models can be used to predict/optimize the quality and quantity of permeate from hybrid coagulation-ultrafiltration systems for potable water treatment.
INTRODUCTION
Ultrafiltration (UF) is widely applied as an effective technique for removing a diverse array of waterborne pathogens such as protozoa, bacteria and viruses from drinking water (Hill et al. ; Mull & Hill ) . At the appropriate molecular weight cut-off (MWCO), UF membranes can produce bacteria-free drinking water, remove greater than 6 log of viruses, turbidity, a portion of natural organic matter (NOM) and disinfection byproduct precursors from the feed water (Liang et al. ; Mimoso et al. ) . Compared with conventional sand filtration, UF has several advantages which include a higher treatment efficiency, smaller footprint, fewer chemicals demand, less sludge production and easy automation. Furthermore, recent advances in membrane technology have made UF a cost-effective alternative to other filtration techniques (Jeong et al. ; Mull & Hill ) . It is therefore seen by communities as a safer treatment alternative (Guo et al.
).
Despite these advantages, membrane fouling still remains an important limitation for this technology (Arhin the membrane surface or within the membrane pores generating an increasing hydraulic resistance. Fouling reduces hydraulic permeability, increases transmembrane pressure and cleaning frequencies, which eventually lead to higher operating costs. Moreover, frequent membrane cleaning operations may lead to membrane deterioration causing reduction in the permeate quality and shorter membrane life span (Chon et al. ; Munla et al. ; Xu et al. ) . In order to minimize fouling, pretreatment of feed water using techniques such as coagulation, adsorption, oxidation, bio-filtration, magnetic ion exchange resins and integrated pretreatment is practiced in full-scale and pilotscale UF plants (Gao et al. ) . Among the various pretreatment techniques, coagulation is the most dominantly used due to its low cost, ease of operation and ability to significantly improve UF performance (Arhin et al. ) . It is presumed that during coagulation, colloids are destabilized and clusters form larger flocs which are easily retained by UF membranes (Xiangli et al. ) . Besides fouling minimization, the use of coagulation pretreatment has an additional beneficial effect since it can improve the removal efficiency of harmful contaminants such as viruses (Fiksdal & In this study, the optimum operating conditions for a hybrid PACl coagulation-UF system for potable water treatment were determined using RSM. The focus of this study was to establish the optimum PACl dose and FRT for enhancing both organic and inorganic foulants removal. To that end, the independent variables considered were PACl dose and FRT, and the process output was assessed in terms of No sample was kept for more than 3 days without performing analysis. Table 1 summarizes the characteristics of the feed water used for the study. Each parameter was determined at least in triplicate.
MATERIALS AND METHODS

Preliminary batch experiments
Preliminary experiments were done to verify the statistical relevance of the two independent variable (PACl dose and FRTs of 5, 10, 15, and 20 min. After slow mixing, the paddles were withdrawn and samples were settled for 15 min. Supernatant samples were then siphoned mid-way through the beakers for turbidity, color and UV 254 analysis.
Membrane filtration
Commercially available hollow tube UF membranes were used. The membrane specifications are provided in Table 2 . The experimental setup is schematically illustrated in Figure as shown in Equation (1):
where Q is the permeate flow (L/h) and A is the membrane area (m 2 ). The membrane permeability -after 60 min of continuous filtration -was subsequently determined by dividing the flux by the transmembrane pressure as shown in Equation (2):
where TMP is the transmembrane pressure (Pa). Figure 1 | Schematic representation of the hybrid coagulation-UF process.
Experimental design for RSM
After the experimental ranges for the independent variables were obtained, RSM was used to determine the optimum factor settings for pre-coagulation. A 2 2 rotatable central composite design (CCD) consisting of factor combinations at two levels, four star points and five replicates at the center point was developed. The coagulant dose (coded as X 1 ) and FRT (coded as X 2 ) were set as the independent variables while the permeate turbidity (Coded as Y 1 ), UV 254
absorbance (coded as Y 2 ) and the membrane permeability (coded as Y 3 ) were set as the response variables. Randomization of the experimental runs was done to limit the effects of unexpected variability in the response. Table 3 shows the range and levels of the two independent variables for the response surface design.
The experimental data from RSM was fitted into the polynomial model indicated in Equation (3):
where Y is the response variable; X 1 , X 2 ,…, X k are the independent variables affecting the response Y; β 0 , to Equation (4):
where m is the number of responses.
The goal of the coagulation-UF process is to obtain a low turbidity and low UV 254 (organics) in the permeate while maintaining a relatively high permeability across the UF membrane. Therefore, the desirability function for turbidity and UV 254 were both the 'smaller-the-better' responses, which criterion is expressed in Equation (5) whereas the desirability function for permeability was the 'larger-thebetter' response, which transformation is described in Equation (6):
where U is the upper acceptable value to the response, L is the lower acceptable value to the response, T is the target value, y is the response and t is the weight (Bezerra et al.
).
After the optimum conditions were obtained from the desirability function, four experimental replicates were performed at the optimal settings (Silva et al. 
RESULTS AND DISCUSSION
Preliminary jar test results
The statistical significance of PACl dose and FRT on turbidity, UV 254 and color of the feed water was investigated and their relevant experimental ranges to consider for optimization were determined. As can be inferred from Table 4 higher mixing volumes as well as a higher energy consumption and yet no improvement in water quality would be attained.
Therefore PACl doses ranging from 10 to 20 mg/L and FRT ranging from 5 to 15 min were used for RSM optimization.
Optimization of the hybrid coagulation-UF system Table 5 shows the layout and results of the 2 2 CCD. Irrespective of the factor settings used in this study, the color of permeate was zero (100% removal of color forming compounds). Hence, color was deemed an inappropriate response for assessing the effect of varying PACl dose and FRT on the hybrid coagulation-UF system. Three quadratic models representing the permeate turbidity, the presence of UV 254 absorbing organics and the permeability across the membrane were therefore obtained from the CCD and their statistical significance were examined by ANOVA. Fit summary output analysis revealed that the models were statistically significant (p-value <0.05) to describe the permeate turbidity, UV 254 and the membrane permeability.
As depicted in Table 6 , the p-value for the mathematical model for turbidity implied that the model was highly significant. In addition to that, the multiple regression coefficient R 2 of the model was 0.9850, suggesting that 98.50% of the variability in the response could be well explained by the model. Thus, a good agreement existed between the experimental and the predicted values as only 1.50% of the variability was poorly described by the model. Moreover, the value for Lack-of-Fit was insignificant denoting that the model was reasonable fit. The normal probability and response surface plots for turbidity are displayed in Figure 3 . The analysis of the CCD is based on the assumption that the observations made are independently and normally distributed. As shown by the normal probability plot, the data points were fairly close to the straight line thus depicting that the experiment came from a normally distributed population. It can also be seen from the surface plot that the permeate turbidity decreased with increasing PACl dose. The minimum turbidity (<0.15 NTU) was observed with PACl dose >20 mg/L and FRT ranging from 6-13.5 min ( Figure S1 , Supplement, available with the online version of this paper). As shown in Table 6 , the main effect of PACl dose (X 1 ), the main effect of FRT (X 2 ), the second order effect of PACl dose (X 1 *X 1 ), the second order effect of FRT (X 2 *X 2 ) and the interaction of PACl dose and FRT (X 1 *X 2 ) were all found to be the significant factors affecting the permeate turbidity. The regression model for turbidity (Y 1 ) is given by Equation (7):
Apart from turbidity, UV 254 is another important response variable for this study as it was used to connote the efficiency of pre-coagulation in removing organics from the feed water. As depicted in Table 6 , the model for UV 254 was found to be very significant. Coupled with that, the R 2 showed that 97.06% of the variability in the response could be well explained by the model. Furthermore, the model was found to be satisfactory as the value for Lack-of-Fit was statistically insignificant. The normal probability and surface plot for 
The significant model terms for UV 254 were the main effect of PACl dose (X 1 ), the second order effect of PACl dose (X 1 *X 1 ), the main effect of FRT (X 2 ) and the second other effect of FRT (X 2 *X 2 ). The two level interactions of PACl dose and FRT was statistically insignificant (p-value ¼ 0.085) and was therefore eradicated using backward elimination procedures to improve the model (Table S1 , Supplement, available online). Ultimately, the regression model for UV 254 absorbance (Y 2 ) was reduced to the form shown in Equation (8):
Permeability as a third response variable was used to denote the fouling potentials of the pre-coagulated water.
Less fouling is accompanied by high hydraulic permeability while the converse is true for exacerbated fouling (Bae & Tak ). The empirical model for permeability was also found to be statistically significant (Table 6 ). An R 2 of 0.8100 was computed for the regression indicating that there is a strong correlation. To cap it all, the Lack-of-Fit test did not show inadequacy of the model implying that the model could adequately fit the experimental results.
The normal probability and surface plots for permeability are also shown in Figure 5 . As depicted in response surface plot, permeability decreased around the center of the surface It was also revealed that within the context of this study, the main effect of PACl dose (X 1 ), the second order effect of PACl dose (X 1 *X 1 ) and the second order effect of FRT (X 2 *X 2 ) were the significant factors affecting the permeability (Table 6 ). Therefore to improve the model, the backwards elimination procedure was once again employed to eradicate the insignificant factors (Table S1 , Supplement).
The final empirical model for permeability is shown in Equation (9):
The membrane permeability seemed to be dependent on a complex interaction between the coagulant dose and FRT. Coagulant doses and FRTs that formed smaller flocs had low permeability. On the other hand, coagulant doses and FRTs that formed bigger flocs contributed to high membrane permeability. This corresponds to the cake layer theory according to the Carman-Kozeny model (Equation (10)), which implies that the cake layer resistance is inversely proportional to the square of the particle diameter:
where K c is the specific cake resistance, C c is solid concentration or solidosity of the cake in volume percentage and d p is the particle diameter.
This was also observed in previous studies demonstrating that a cake layer formed by smaller particles is much compact compared to that formed by large ones, which imply that smaller particles have a higher specific cake resistance (Lin et al. ; Chomiak et al. ) . In addition to that, coagulant doses and FRTs that formed bigger flocs also contributed to higher removal of UV 254 organics.
Because humic NOM has more electron rich sites (carboxylic functional groups) for bulk NOM agglomeration through charge neutralization with cationic aluminum hydrolysis, at the appropriate coagulation conditions, humic acid molecules are more readily absorbed to the surface of positively charged Al species (Choi et al. ) . Better NOM agglomeration would therefore imply the formation of bigger flocs which were easily retained by the UF membrane and this explains why higher UV 254 organics removal was observed with bigger flocs. It must also be noted that coagulant doses and FRTs that formed very tiny flocs had low permeate quality due to the permeation of smaller particles through the UF membrane.
Determination and experimental validation of the optimum results
For any given condition, a tradeoff was found between turbidity, UV 254 and the permeate flux. High turbidity and (Table 7 ). In addition to that there was no significant difference (p > 0.05) between the predicted and observed values. Thus the models can be reliably used to predict the quality and quantity of permeate from the hybrid coagulation-UF membrane process of feed water from Lake Victoria at the experimental scale.
It should be kept in mind that the present model is focused on permeability, turbidity and UV 254 removal only.
For practical implementation of the coagulation-UF process, the end points which need to be optimized actually are water quality (turbidity, organics, pathogen count) and total annual costs. Membrane flux influences investment costs and capital costs (depreciation). However, total costs are furthermore related to the consumption of chemicals, including coagulant and cleaning chemicals, and other factors such as labor and maintenance. These factors depend highly on locally and dependent variables such as interest rate and wages. Thus, optimizing operation costs is far more complex and exceeds the framework of this study. However, in principle a similar approach can be used whereby the desirability is extended with functions describing capital costs and the costs for chemical usage and labor (cleaning operations) in order to optimize the overall feasibility of the coagulation-UF process.
CONCLUSIONS
The optimum operating conditions for a hybrid PACl coagulation-UF system for treating potable water from Lake Victoria were obtained using RSM. The focus of the study was to establish the optimum PACl dose and FRT for enhancing both organic and inorganic matter removal while simultaneously optimizing membrane permeability. Using RSM models, the optimum PACl dose and FRT for the feed water were 20.07 (≈20) mg/L and 13.64 (≈14) min, respectively. At this factor combination, turbidity, UV 254 and permeability of 0.15 ± 0.01 NTU, 0.0030 ± 0.0010 cm À1 and 62.0 ± 9.52 Lm À2 h À1 bar
À1
were respectively predicted.
Experimental validations confirmed the reliability of these predicted optimum settings, indicating that RSM models can be used to predict optimum operating conditions for hybrid coagulation-UF process of the feed water at the bench scale. The effectiveness of the hybrid system appears to be influenced by a complex interaction between the coagulant dose and FRT. Coagulant doses and FRTs that formed smaller flocs offered high hydraulic resistance which led to low membrane permeability whereas agglomeration of particles into bigger flocs contributed to high membrane permeability.
Also, smaller flocs led to low turbidity and UV 254 rejection while the converse was true for bigger flocs. However, a tradeoff was found between the permeate turbidity, UV 254 and the permeability in that increase in one sometimes led to a decrease in the other. Consequently, a multi-criteria approach that finds the optimal compromises between turbidity, UV 254 and membrane permeability was used to simultaneously optimize the responses. This demonstrates that to maximize production, coagulation conditions should be set in order to achieve the optimum compromise between floc size, solute rejection and membrane permeability. The results presented here provide insights into simultaneous optimization of relevant operating factors in pilot or full scale coagulation-UF plants for drinking water treatment.
